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To improve future agricultural production, major technological advances are required to increase crop pro
duction and yield. Targeting the coding region of genes via the Clustered Regularly Interspaced Short Palin
dromic Repeats/CRISPR-associated Protein (CRISPR/Cas) system has been well established and has enabled the
rapid generation of transgene-free plants, which can lead to crop improvement. The emergence of the CRISPR/
Cas system has also enabled scientists to achieve cis-regulatory element (CRE) editing and, consequently, engi
neering endogenous critical CREs to modulate the expression of target genes. Recent genome-wide association
studies have identified the domestication of natural CRE variants to regulate complex agronomic quantitative
traits and have allowed for their engineering via the CRISPR/Cas system. Although engineering plant CREs can
be advantageous to drive gene expression, there are still many limitations to its practical application. Here, we
review the current progress in CRE editing and propose future strategies to effectively target CREs for tran
scriptional regulation for crop improvement.

1. Introduction
Global climate change has been acknowledged as an ongoing major
issue. To cope with its effects, strategies to generate elite crop varieties
to thrive under new environmental constraints are required (Rushton
et al., 2002; Zhang et al., 2004). As conventional tools, the introduction
and modification of target genes have widely contributed to the

improvement of crop varieties. As an alternative, modifications in spe
cific cis-regulatory elements (CREs) of plant genomes to get desired gene
expression can eventually broaden the genetic diversity both quantita
tively and qualitatively, overcoming the limited gene diversity in crop
plants (Swinnen et al., 2016).
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2. Mining of essential CREs

Table 1
Variations identified in gene promoter regions by GWAS.

CREs are non-coding DNA sequences comprising various binding
sites for transcription factors (TFs) or other regulatory molecules that
affect transcription and regulate plant growth and development, cell
differentiation, and responses to various stressors (Lu et al., 2018). To
systematically identify CREs in plant genomes, databases such as New
PLACE and PlantCARE (https://www.dna.affrc.go.jp/PLACE/?acti
on=newplace/; https://bioinformatics.psb.ugent.be/webtools/plantc
are/html/), which store all transcription sites, consensus sequences,
and matrices, can be useful to predict possible CREs for every gene. The
global identification of CREs at the whole-genome level provides a
fundamental means of improving useful agronomic traits. In addition,
multi-omics data, such as whole-genome transcriptomic data from
microarrays, RNA sequencing, and chromatin immunoprecipitation
sequencing, can help identify CREs more precisely (Farmer et al., 2021).
For instance, the alignment of the upstream sequences of OsPLDα1
encoding phospholipase D α1 identified key CREs, ARFAT (TGTCTC;
auxin response factor), and SEBF (TTGTCTC; Silencing Element Binding
Factor), which confer its differential transcriptional regulation in 34 rice
accessions; IRGC89224 carrying the two CREs showed the lowest
expression of OsPLDα1 and led to a decrease in free fatty acid content in
bran oil, making it suitable for human consumption (Kaur et al., 2020).
Certain CREs are associated with their sensitivity to enzymes such as
bacterial transposase Tn5, micrococcal nuclease, and DNase 1 (Zhang
et al., 2016; Lu et al., 2017; Zhao et al., 2020). The coupling of chro
matin accessibility assays with high-throughput DNA sequencing ap
proaches to identify transposase-accessible chromatin regions provides
an innovative and technological breakthrough for the identification of
genome-wide CREs (Lu et al., 2018).
The mining and global identification of CREs can provide us with a
wide range of utilities for genomic interpretation, from functional ge
nomics to breeding applications. The available online genomics re
sources and suitable bioinformatics approaches can be combined with
high-throughput sequencing data to annotate the regulatory functions
of promoter sequences.

Phenotype

Gene promoter

Variation

Plant specie

Reference

Grain size/
yield

GW7

SNPs

Oryza sativa

GSE5

InDels

TGW2

SNPs

OsSNB

InDels

FZP

SNPs

CYP734A4

SNPs

OsNPF6.1

SNPs

TaALI-1

SNPs

OsGluA2

SNPs

Chalk5

SNPs

OsWx

SNPs

OsγTMT

SNPs

OsMOT1;1

SNPs

OsbZIP18

SNPs

SlALMT9

InDels

SlbHLH59

InDels

TomLoxC

SNPs

ZmTre1

InDels

Zea mays

Biotic
stress

LOC_Os11g46250

SNPs

Oryza sativa

OsBsr-d1

SNPs

Abiotic
stress

OsSTL1

SNPs

OsGNA1

SNPs

OsLG3

SNPs

ZmNAC111

InDels

ZmVPP1

InDels

TaNAC071-A

InDels

AtNIP1;1

InDels

AtMATE

T-DNA

GRMZM2G142870,
GRMZM2G045531,
GRMZM2G143512

SNPs/
InDels

(Sakamoto
and
Matsuoka,
2008; Wang
et al., 2015a)
(Duan et al.,
2017)
(Duan et al.,
2017; Ruan
et al., 2020)
(Ma et al.,
2019)
(Wang et al.,
2020a)
(Zhan et al.,
2019)
(Tang et al.,
2019)
(Wang et al.,
2020b)
(Yang et al.,
2019)
(Li et al.,
2014)
(Butardo
et al., 2017)
(Wang et al.,
2015b)
(Yang et al.,
2018)
(Sun et al.,
2020)
(Ye et al.,
2017)
(Ye et al.,
2019)
(Gao et al.,
2019)
(Wen et al.,
2018)
(Zhang et al.,
2021)
(Li et al.,
2017a; Zhu
et al., 2020)
(Yuan et al.,
2020)
(Ma et al.,
2016)
(Xiong et al.,
2018)
(Mao et al.,
2015)
(Wang et al.,
2016)
(Mao et al.,
2022)
(Sadhukhan
et al., 2017)
(Nakano
et al., 2020)
(Ma et al.,
2021)

Grain/
fruit
quality

3. Discovery of agronomically important CREs by genome-wide
association study (GWAS)
Genome-wide association study (GWAS) has become a powerful and
potent method for studying agronomically complex traits that are
influenced by many genetic loci and environmental conditions, partic
ularly when sequencing technologies and high-density genotyping ar
rays are available. High-throughput phenotyping has also expanded
GWAS traits (Michael and Jackson, 2013). It is utilized in Arabidopsis
and various crop plants, including rice, maize, wheat, soybean, barley,
sorghum, and cotton (Ersoz et al., 2007; Liu and Yan, 2019; Sukumaran
and Yu, 2014; Varshney et al., 2012). Several studies have reported CREs
associated with multiple agronomic traits and biotic and abiotic stress
tolerance through GWAS. When CREs associated with important traits
are known, an allelic series generated with genome editing can create
stepwise variation in a target trait in a short time. In rice, pan-genomic
dataset analysis revealed that each gene contains approximately 16
coding variants in several haplotypes and multiple variants in
non-coding regions, including promoters. This suggests that variations
in promoter regions play a potential role in regulating gene expression
(Zhao et al., 2018). Many GWAS have reported the importance of pro
moter engineering for crop improvement (Table 1).
Natural promoter variations control grain size, shape, quality, and
yield potential. For instance, Grain Width7 (GW7) controls cell division
longitudinally in rice spikelet hulls, and alterations in its promoter re
gion elevate its expression, enhancing grain quality and yield charac
teristics (Sakamoto and Matsuoka, 2008; Wang et al., 2015a). Grain Size
on Chromosome 5 (GSE5) regulates grain size by influencing cell prolif
eration in spikelet hulls, and natural variations in the promoter region of

Triticum
aestivum
Oryza sativa

Solanum
lycopersicum

Oryza sativa

Zea mays

Triticum
aestivum
Arabidopsis
thaliana
Zea mays

GSE5 contribute to grain size diversity in rice (Duan et al., 2017). An
SNP (single nucleotide polymorphism) variation upstream of TGW2,
encoding CELL NUMBER REGULATOR 1, is responsible for its differ
ential expression, leading to alterations in the grain width and weight
(Duan et al., 2017; Ruan et al., 2020). Furthermore, OsSNB (Supernu
merary Bract) negatively regulates grain size, and a haplotype (Hap 3)
carrying the 225 bp insertion in its promoter showed the highest grain
width discovered in japonica subspecies (Ma et al., 2019). A natural
2
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variation in the promoter region of the novel Frizzle Panicle (FZP) allele
in a temperate japonica rice variety affects secondary branches per
panicle and grain number, improving grain yield (Wang et al., 2020a). In
wheat, polymorphism of four SNPs in the promoter of Awn Length In
hibitor1 (ALI-1) encoding a C2H2 zinc finger protein is associated with
awn length, grain length, and grain weight (Wang et al., 2020b).
Some previously characterized agronomic trait genes from T-DNA
mutants have also been validated using GWAS approach. For instance,
SNPs in the promoter region of CYP734A4 are associated with reduced
panicle enclosure and improved yield (Zhan et al., 2019). An elite
haplotype of the nitrate transporter OsNPF6.1HapB, which differs in both
the protein and promoter elements with natural variations, shows
enhanced nitrate uptake and confers high nitrogen use efficiency by
increasing yield under low nitrogen supply (Tang et al., 2019).
Additionally, several CREs involved in grain or fruit quality have
been reported through GWAS. Grain protein content in the rice endo
sperm is an important factor affecting rice nutrition quality as well as
eating and cooking quality. One SNP in the promoter region of OsGluA2
(Glutelin type-A2 precursor) is associated with its transcript expression
level and grain protein content diversity (Yang et al., 2019). Grain
chalkiness is an undesirable trait for rice grain quality. Two consensus
SNPs in the Chalk5 promoter partially contribute to the differences in
Chalk5 mRNA levels, which are significantly associated with grain
chalkiness diversity among rice varieties (Li et al., 2014). Resistant
starch with high amylose content offers potential health benefits. An
SNP in the promoter region of the Waxy (Wx) gene was identified along
with seven other SNPs to form haplotypes associated with various
phenotypic ranges of amylose (Butardo et al., 2017). α-Tocopherol (αΤ)
is an antioxidant that is beneficial to humans. The SNPs present in the
promoter of OsγTMT encoding gamma-tocopherol methyltransferase
represented a correlation with αΤ content alterations (Wang et al.,
2015b). In addition to enhancing the accumulation of essential micro
nutrients, reducing the potentially toxic elements in rice grains is
important for food quality. SNPs in the promoter region of OsMOT1;1
encoding a molybdenum transporter showed differences in their straw
molybdenum concentrations (Yang et al., 2018). Branched-chain amino
acids, including valine, leucine, and isoleucine, are essential amino acids
that must be obtained from the human diet. Interestingly, poly
morphisms of 35 SNPs and an InDel in the promoter of the basic leucine
zipper TF OsbZIP18 are responsible for its differential expression, which
causes variations in the branched-chain amino acid levels in rice by
regulating the target genes, Branched-chain aminotransferase1 (OsB
CAT1) and OsBCAT2 (Sun et al., 2020). In tomato, Tomato Fruit Malate6
(TFM6) was found to correspond to Al-Activated Malate Transporter 9
(SlALMT9) as a major QTL responsible for variation in fruit malate
accumulation. A 3 bp InDel in the SlALMT9 promoter region was
significantly associated with fruit malate content (Ye et al., 2017). An
ascorbate QTL, Tomato Fruit Ascorbate on Chromosome 9 (TFA9), colo
calized with the basic helix-loop-helix TF SlbHLH59. In particular, an 8
bp InDel in the promoter region of SlbHLH59 improved ascorbate
accumulation and biosynthesis in tomato fruits (Ye et al., 2019). A rare
allele in the promoter of TomLoxC, a tomato lipoxygenase gene, selected
during domestication was responsible for apocarotenoid production,
which contributed to desirable tomato flavor (Gao et al., 2019). In
maize, three InDel polymorphisms found in the promoter region of
ZmTre1 are associated with higher trehalose content in young kernels
than in those with no insertions (Wen et al., 2018).
Biotic resistance genes and their phenotypes associated with pro
moter variations have been discovered by GWAS. For instance, wholegenome sequencing of diverse Xanthomonas oryzae pv. oryzae (Xoo)
strains and a large set of rice accessions identified SNPs that showed
potential resistance against bacterial blight disease and discovered
LOC_Os11g46250 with a certain haplotype including promoter varia
tions as a candidate for Xa22 (Zhang et al., 2021). A natural allele of a
C2H2-type TF, Osbsr-d1, confers non-race-specific resistance to rice blast.
The resistant allele contains an SNP in the promoter of Osbsr-d1, which

reduces its expression through the binding of the repressive MYB TF,
leading to the inhibition of H2O2 degradation and enhanced blast
resistance (Li et al., 2017a; Zhu et al., 2020).
GWAS has also been used to identify key regulatory elements
involved in abiotic stress tolerance. For instance, GWAS identified spe
cific SNPs in the promoter of the OsSTL1 (Salt Tolerance Level 1) gene
that is associated with increased salt tolerance in rice (Yuan et al., 2020).
SNPs in the promoters of previously characterized genes also appear to
be associated with novel agronomic traits under stress conditions. An
SNP in the promoter of OsGNA1, encoding a glucosamine-6-P acetyl
transferase, appears to contribute to plant height under drought stress
conditions (Ma et al., 2016). Natural variation in the promoter of OsLG3
has been associated with tolerance to osmotic stress in germinating rice
seeds (Xiong et al., 2018). Using GWAS, it was observed that MITE
insertion in the promoter of the NAC gene ZmNAC111 was connected to
maize drought response (Mao et al., 2015). In addition, GWAS revealed
a natural variation with insertion of 366 bp carrying three MYB CREs in
the promoter region of ZmVPP1, encoding a vacuolar-type H+ pyro
phosphatase, conferred drought-inducible expression of ZmVPP1 and
enhanced drought tolerance (Wang et al., 2016). In wheat, insertional
activation of 108 bp in TaNAC071-A, a NAC TF, consisting of two MYB
CREs that are directly bound by TaMYBL1, in the promoter region
increased TaNAC071-A expression and plant drought tolerance (Mao
et al., 2022). In Arabidopsis, an aquaporin Nodulin 26-Like Intrinsic
Protein 1;1 (NIP1;1) gene was associated with H2O2 signaling and
tolerance. In particular, variations in the promoter region of NIP1;1 were
responsible for the differences in expression levels in H2O2 tolerant and
sensitive genotypes (Sadhukhan et al., 2017).
Moreover, several CREs associated with heavy metal tolerance and
accumulation of microelements and have been reported through GWAS.
In a GWAS of a local Arabidopsis population, the variation with a ret
rotransposon insertion in the promoter region of AtMATE (Multi-drug
and toxic compound extrusion) appeared to be associated with aluminum
tolerance (Nakano et al., 2020). GWAS identified three genes
(GRMZM2G142870, GRMZM2G045531, and GRMZM2G143512 encod
ing ABC transporter C family member 14, zinc transporter 3, and heavy
metal ATPase10, respectively) that carry variations within their pro
moters, as well as in the coding regions, which are associated with the
accumulation of microelements in maize seedlings (Ma et al., 2021).
These examples demonstrate the use of GWAS in identifying
important CREs and potential applications of CRISPR/Cas-mediated
CRE editing to improve many important agricultural traits. As
CRISPR/Cas-based genome-editing technologies continue to improve,
the use of GWAS is expected to increase the agronomic value of crop
plants.
4. Conventional modification of CREs
In the promoter region, the integration of various CREs influences
the expression levels of a target gene. Changes in target gene expression
have been achieved through the use of recombinant promoters to
regulate target gene expression (Dey et al., 2015). Various chimeric
promoters have led to maximal transcriptional regulation by improving
copy number and achieving synergistic effects by properly spacing
cis-elements in a sequence-specific manner (Rushton et al., 2002; Venter,
2007). Numerous strategies have contributed significantly to the char
acterization and verification of synthetic promoters (Rushton et al.,
2002; Venter, 2007; Patro et al., 2012; Acharya et al., 2014; Deb et al.,
2018). Several promoters have been developed and improved by engi
neering various responsive CREs to different abiotic (Kim et al., 2011;
Zheng et al., 2011) and biotic stressors (Rushton et al., 2002; Shokou
hifar et al., 2011).
T-DNA insertional activation mutations are also an alternative means
of enhancing target gene expression. For instance, screening a popula
tion of rice T-DNA activation lines identified mutants that harbored TDNA insertions upstream of OsSAP16 encoding a stress-associated
3
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protein (Wang et al., 2018). A semi-dominant mutant, in which a T-DNA
was inserted approximately 4 kb upstream of CYP734A4, caused its
overexpression. The mutant showed dwarf phenotype, small grains, and
erect leaves but has increased grain number per the main panicle and
improved seed setting rate, confirming the negative regulatory role of
CYP734A4 in the brassinosteroid pathway (Qian et al., 2017). A T-DNA
insertion with the enhanced element in the promoter region of the ni
trate transporter OsNPF6.1 gene resulted in enhanced expression, indi
cating that the OsNPF6.1 promoter is critical for the expression of nitrate
uptake and traits that control nitrogen use efficiency (Tang et al., 2019).
Transgenic experiments have shown that the cauliflower mosaic
virus (CaMV) 35 S promoter is well established for constitutive expres
sion, and the minimal region consisting of an approximately 54 bp CRE
has been broadly employed in the gene expression profile (Potenza et al.,
2004). In both monocot and dicot species, the CaMV 35 S promoter has
been proven to be efficient for the ubiquitous initiation of transcription;
however, the usefulness of constitutive expression remains challenging
because of deleterious pleiotropic effects often observed in
gain-of-function mutants (Kumar et al., 2015).

double-stranded breaks (DSBs) at the target site, which are repaired by
the host machinery, mostly via non-homologous end joining repair
(NHEJ) to produce nucleotide insertions/deletions (InDels). When a
donor template is provided, the DSB is repaired via low-frequency ho
mology-directed repair (HDR). Multiplex genome editing can also be
used to induce large deletions between targets and allow multiple genes
to be manipulated. The use of CRISPR/Cas base editors using Cas9
nickase and deaminase enzymes allows precise editing at the target site
without the need for DSBs or donor templates (Zafar et al., 2020). More
precise genome editing can now be achieved in crop plants, including
rice and wheat, using a new genome-editing technique called prime
editing, which can introduce InDels and all base-to-base conversions
with fewer unintended products using a short template and primer
binding sequences for the reverse transcriptase connected to the Cas9
nickase (Li et al., 2020a; Lin et al., 2020; Tang et al., 2020). Therefore,
genome editing of CREs provides an alternative strategy that can be
utilized when functional genes cannot be easily controlled or studied
using gene knockouts and conventional overexpression analysis. In
addition, because the insertion site of the CRISPR/Cas cassette transgene
and the mutated target site are independently transmitted into the
progeny generation, transgene-free progeny with a mutated target can
be easily obtained.
The traits of known genes with desired functions can be improved
through CRE editing without disrupting their coding sequences. For

5. CRISPR/Cas-mediated CRE editing
CRISPR/Cas-mediated genome editing technology has tremendous
potential for accelerating crop improvement. CRISPR/Cas9 causes

Fig. 1. CRE editing strategies that utilize genome editing systems: (A) Schematic representation of a plant gene promoter. (B) CRE deletion (top). CRE is removed by
inducing two DSBs. CRE disruption (middle). CRE is disrupted by introducing an InDel (black) via a DSB and NHEJ. CRE disruption using base editing or prime
editing (bottom). CRE is disrupted by altering its bases (black) without a DSB. (C) CRE addition. CRE is added closer to the minimal promoter region using a DSB and
HDR. (D) Promoter swap (top). Gene A’s expression profile is altered by swapping its promoter with that of gene B. Promoter insertion (bottom). Gene A’s expression
profile is altered by inserting a promoter for gene B adjacent to its transcription start site. CRE, cis-regulatory element; DSB, double-stranded break; NHEJ, nonhomologous end joining repair; dCas9, dead Cas9; nCas9, Cas9 nickase; HDR, homology-directed repair.
4
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overlapping genes, where two genes are encoded at the same position
but are transcribed in reverse, CRE editing provides an accessible route
to regulate the function of one gene without disturbing the other. By
utilizing CRE editing, the desired expression profile of a gene of interest
can be changed according to the associated tissues and stimuli; however,
this is a laborious procedure when targeting the coding region (Pan
diarajan and Grover, 2018). Therefore, the CRE editing approach holds
promise for the engineering of promoters to modulate the expression of
target genes when coupled with the CRISPR/Cas-based editing system.
Suitable strategies have been developed to modify gene expression
using CRISPR/Cas-mediated CRE editing techniques, CRE deletion/
disruption, CRE addition, and promoter insertion (Fig. 1). DSBs using
single-stranded sgRNA can induce the generation of InDels, as this
cleavage is generally repaired through an error-prone NHEJ mechanism.
Induced InDels at the target CRE mostly disturb TFs from binding to the
CRE region, modifying gene expression in the promoter region. CRISPR/
Cas-mediated base editing and prime editing tools can also be applied to
achieve this objective. Furthermore, when a large segment of a promoter
is linked to an expression regulation region, referred to as an over
lapping motif, the overall segment can be deleted by programming two
guide RNAs to bind to the start and end of the genomic sequence, which
ultimately leads to the elimination of CREs (Pandiarajan and Grover,
2018).
The insertion of CREs into the promoter region of a gene can result in
the desired gene expression by HDR. In the HDR mechanism, cleavage in
the gene sequence using sgRNA is repaired based on the homology be
tween the site of the DSB and a DNA template. A specific sequence of
interest can be inserted into the genome if the template sequence is
homologous to the DSB site. HDR can be used for CRE addition by
supplying a template sequence containing CREs of interest within its
ends, with a region homologous to the target promoter. In CRE deletion/
disruption strategy, the efficiency to achieve the desired gene expression
is limited due to the availability of pre-existing CREs located in the
promoter region of a gene. In addition to addressing these limitations,
the CRE addition and promoter swap strategy via HDR enables manip
ulation of the gene regulation profile.
To improve agronomic traits by using CRE deletion/disruption
strategies, it is crucial to identify the CREs where specific TFs, whose
loss-of-function mutants improve agronomic traits, bind to. Conse
quently, CRE mutations would restrict those TFs binding to the promoter
region of the downstream target genes, altering the expression of the
target genes to achieve the desired agronomic traits. Using the CRE
addition and promoter insertion strategies, it is possible to create single
or multiple CREs on the promoter of useful genes to which TF can bind

or replace the native promoter with a suitable promoter to alter the
expression of a target gene to improve agronomic traits.
6. Improvement of agronomic traits via CRE editing
A number of CRE edits via the CRISPR/Cas system have been applied
to CREs of promoters to modulate target gene expression to improve
agronomic traits, such as disease resistance, abiotic tolerance, and yield
and quality traits, in crop plants (Table 2).
6.1. Disease resistance
The use of CRE editing to enhance disease resistance in crops started
with the identification of regulatory effector binding elements (EBEs) on
the promoters of OsSWEET genes in rice targeted by the transcription
activator-like (TAL) effectors of Xoo. Promoter sequence analysis of the
OsSWEET11 gene in resistant and susceptible varieties revealed muta
tions near the TATA box in the resistant lines that abolished the binding
ability of the TAL effector PthXo1 (Chu et al., 2006; Yang et al., 2006).
Rice mutants of ossweet11 are resistant to the pathogen but are defective
in pollen growth (Chu et al., 2006). CRE editing mutations in the EBE of
PthXo1 in the promoter of OsSWEET11 resulted in fertile resistant rice
varieties against PthXo1-carrying Xoo strains (Oliva et al., 2019). Simi
larly, CRISPR/Cas9-based editing of a 149 bp promoter regulatory
sequence of the Xa13 gene (also known as OsSWEET11) that contains the
pathogen-induced element resulted in resistance to Xoo strains (Li et al.,
2020b). Xoo PthXo2 induces OsSWEET13, and PthXo3, AvrXa7, TalC,
and TalF can activate OsSWEET14 by binding to their target EBEs (Oliva
et al., 2019; Xu et al., 2019). The natural resistant alleles appeared to
carry variations of a few bases in the target EBEs of the OsSWEET13 and
OsSWEET14 promoters. This led to the development of new
broad-spectrum resistant rice varieties by simultaneously editing EBEs
of multiple effectors in different SWEET genes without disrupting their
normal function. Finally, CRISPR/Cas9-mediated CRE editing of EBEs of
OsSWEET11, OsSWEET13, and OsSWEE14 generated broad-spectrum
resistance against all Xoo strains tested (Oliva et al., 2019; Li et al.,
2020b; Xu et al., 2019).
A similar event was experimentally identified in another study by
targeting the canker susceptibility gene CsLOB1 promoter in Wanjin
cheng orange (Citrus sinensis) via CRISPR/Cas9 system to enhance
resistance against citrus canker disease caused by Xanthomonas citri
subsp. citri (Peng et al., 2017). In Duncan grapefruit (Citrus paradisi), the
CRISPR/Cas9 system was used to mutate the EBE promoter region that is
bound by PthA4, which resulted in canker-resistant plants (Jia et al.,

Table 2
Engineered gene promoters via genome editing in plants.
Plant species

Gene promoter

Variation type

Phenotype

Reference

Oryza sativa

Xa13
OsSWEET11, OsSWEET13,
OsSWEET14
OsSULTR3; 6
OsRAV2
CsLOB1
CsLOB1
ARGOS8

Promoter deletion
CRE disruption

Improved bacterial blight resistance
Improved bacterial blight resistance
Improved resistance to bacterial leaf streak
Altered sensitivity to salinity
Improved citrus canker resistance
Improved citrus canker resistance
Improved drought resistance

(Li et al., 2020b)
(Oliva et al., 2019; Xu et al.,
2019)
(Xu et al., 2021)
(Duan et al., 2016)
(Peng et al., 2017)
(Jia et al., 2022)
(Shi et al., 2017)

Solanum
lycopersicum

SlWUS
SlCLV3
Compound Inflorescence (S)
Self-Pruning (SP)
ANT1

CRE disruption
CRE disruption
Promoter modification
Promoter modification
Promoter replacement and promoter
insertion
Promoter replacement and promoter
insertion
Promoter modification
CRE deletion
CRE deletion
CRE deletion
Promoter insertion

Hordeum vulgare
Arabidopsis
thaliana

HvPAPhy_a
YUC3

CRE disruption
CRE deletion

Citrus × sinensis
Citrus × paradisi
Zea mays

GOS2

5

Constitutive expression and improved drought
resistance
Altered fruit locule number
Altered fruit size
Improved inflorescence morphology
Improved plant morphology
Constitutive expression of anthocyanin
pigment
Decreased seed phytase activity
Termination of methylation

(Shi et al., 2017)
(Li et al., 2017b)
(Li et al., 2017b)
(Li et al., 2017b)
(Li et al., 2017b)
(Čermák et al., 2015)
(Holme et al., 2017)
(Li et al., 2018)
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2022). It is conceivable that knocking out CsLOB1 or OsSWEET14 in
citrus and rice, respectively, may improve resistance against pathogens
in the host but cause a growth penalty. For instance, OsSWEET14 is a
sucrose efflux transporter capable of transporting sucrose, and its mu
tants showed growth retardation (Antony et al., 2010; van Schie and
Takken, 2014). In grapefruit plants, compared with the wild-type spe
cies, CsLOB1 knockout mutants also have a delayed flowering time of up
to 2–3 years (Jia et al., 2017). These results suggest the advantages of
the CRE editing strategy.
Bacterial leaf streak (BLS) is caused by Xanthomonas oryzae pv. ory
zicola (Xoc). CRISPR/Cas9-mediated mutations were generated in the
EBE of the OsSULTR3;6 promoter, which encodes a predicted sulfate
transporter. Thus, new germplasms that exhibited resistance to Xoc
strains containing virulence factors Tal2g or Tal5d were created. The
finding showed that genetic modification of the EBE promoter region
can help develop rice lines that confer resistance to BLS by disrupting the
EBE region of the TAL-mediated susceptibility gene (Xu et al., 2021).
The probability of attaining resistance against various strains of
Xanthomonas spp. has been tested by accumulating EBE effectors in the
presence of transcription activator-like effector nucleases to promote R
genes (Römer et al., 2009). Furthermore, this strategy was progressively
implemented as Hummel and colleagues recombinantly engineered rice
with an alteration in the Xa27 promoter region by inserting an addi
tional copy of Xa27 (R gene) together with six extra copies of EBEs
positioned 100 bp upstream of the transcription start site. The results
showed that out of the six copies, three EBEs were targeted by TAL ef
fectors secreted by Xoo strains causing bacterial blight disease, whereas
the remaining three EBEs were actively bound by TAL effectors secreted
by Xoc causing bacterial leaf streak disease. This finding suggested that
the engineered rice effectively showed broad-spectrum resistance
against bacterial leaf streaks and bacterial blight disease (Hummel et al.,
2012).

over 400 inbred lines analyzed, the maize GOS2 promoter sequence,
which confers a moderate constitutive expression level, was either
inserted in the 5′ UTR region or swapped by replacing the native pro
moter of ARGOS8 in maize using CRISPR/Cas9-mediated HDR to
moderately enhance the regulation mechanisms of ARGOS8. In a field
study, ARGOS8 CRE-edited maize lines with enhanced expression of
ARGOS8 increased grain yield after application of stress conditions at
the flowering stage (Shi et al., 2017).
Maize bZIP68 encoding a basic leucine zipper TF is known as a
negative regulator of cold tolerance response (Li et al., 2022). A 358 bp
insertion in the bZIP68 promoter of cold-sensitive maize compared to the
cold tolerant ancestor teosinte is responsible for the continuously high
bZIP68 expression level and cold sensitivity (Li et al., 2022). Thus, a
future engineering of the promoter region using CRISPR/Cas9 system is
required to develop maize varieties retaining cold tolerance. All these
results demonstrated the usefulness of promoter editing in generating
abiotic stress tolerant crops.
6.3. Yield and quality traits
Breeding to enhance crop yield through improvements in quantita
tive traits often relies on the laborious selection of rare natural muta
tions in gene regulatory regions. CRISPR/Cas-mediated CRE editing of
promoters can generate diverse cis-regulatory alleles, which are then
used as sources of quantitative variation in breeding. In this regard, an
excellent example was reported in tomato, in which the regulation of
CLAVATA3 affects the meristem size and its altered expression patterns
can disturb fruit size (Yuste-Lisbona et al., 2020; Rodríguez-Leal et al.,
2017). To attain a continuum of variation in fruit size,
CRISPR/Cas9-mediated promoter mutagenesis was performed with
eight sgRNAs that specifically bind to the upstream site of the CLAV
ATA3 coding sequence. In the transgenic tomato progeny, the genera
tion of a few alleles was first observed. To improve the generation of
novel alleles, the transgenic lines that showed fewer phenotypic char
acteristics in the T0 lines were crossed with wild tomato species that
possessed wild type promoter binding characteristics to develop hemi
zygous lines for targeted genome editing with the CRISPR/Cas9 system.
The F1 progeny exhibited weak, moderate, and strong phenotypic
characteristics. Next, mutant alleles that exhibited moderate to strong
phenotypes were integrated into transgene-free plants to observe clear
segregation in the F2 generation. The observed novel alleles obtained
using this approach had a wide spectrum of tomato fruit sizes, ranging
from small to large, and the number of locules ranged from 2 to more
than 7. In broad terms, inversions, InDels, and SNPs in the targeted re
gions of the sgRNA signify the generation of novel alleles. Similar ap
proaches have also been successfully applied to compound inflorescence
(S, homolog of Arabidopsis Wuschel-Related Homeobox 9) and self-
pruning (SP, homolog of Arabidopsis Terminal Flower 1) genes that
control plant architecture and inflorescence in tomato, respectively (Li
et al., 2017b). CRISPR/Cas9-mediated mutations in the CArG CRE
element of the tomato SlWUS gene that is bound by the MADS TF
AGAMOUS, which is associated with the locule number (lc) QTL showed
increased locules, thus leading to increased fruit size (Li et al., 2017b).
Interestingly, the CaMV 35 S promoter insertion upstream of the
Anthocyanin mutant 1 (ANT1) gene, which encodes a MYB TF, led to the
enhancement of anthocyanin levels and turned the plant tissues and
fruits purple (Čermák et al., 2015).
In rice, CREs, such as the endosperm-box, A-box, and CAAT-box of
the promoter of the Wx gene encoding granule-bound starch synthase I,
have been disrupted to cause different levels of amylose content in Wx
variants (Zeng et al., 2020). In a separate study, editing of novel
CRE-carrying Wx alleles in the promoter region near the TATA-box
resulted in improved rice grain quality and amylose content (Huang
et al., 2020). In barley, the phytase gene HvPAPhy_a functions in the
maturation of grain phytase activity (MGPA). The mutations of the three
key CREs, GCN4, Skn1 and RY elements of HvPAPhy_a via CRISPR/Cas9

6.2. Abiotic stress tolerance
Abiotic stressors greatly affect plant growth and productivity. Plants
sense and respond to such stresses by regulating several stressresponsive genes that lead to physiological and developmental adapta
tions. The CRE editing modification of important genes that belong to
stress-responsive pathways can improve the stress tolerance of plants.
For instance, AB13/VP1 (RAV) belongs to the plant protein family that
participates in abiotic stress responses. In rice, OsRAV2 is induced by salt
stress. Deletions and site-specific mutations of the OsRAV2 promoter
identified a GT-1 element that is essential for the salt induction. This
mechanism was further validated by CRISPR/Cas9-mediated targeted
mutations of the GT-1 element of the OsRAV2 promoter region. Notably,
the osrav2 mutants produced abnormal phenotypes that hampered their
salt stress-inducible response, whereas the CRE-edited transgenic lines
generated in this experiment showed a wild-type phenotype (Duan et al.,
2016). The GT-1 regulatory element mutants exhibited similar expres
sion levels and phenotype to wild-type plants under normal conditions
but lost their responsiveness to salt stress.
Stress-responsive genes, superoxide dismutase, peroxidase, gluta
thione S-transferase, and pyrroline-5-carboxylate synthase are nega
tively regulated by a TF gene, ANAC069 encoding NAM-ATAF1/2, and
CUC2 (NAC) protein, which bind to CREs of these genes. Additionally,
ANAC069-knockdown plants showed enhanced tolerance to osmotic and
salt stress in Arabidopsis. Similarly, mutations in CRE core binding ele
ments have been shown to improve osmotic and salt stress resistance in
Arabidopsis (He et al., 2017).
The in vivo promoter insertion/swapping of the ARGOS family,
negative regulators of ethylene signal transduction, showed an
improved response to drought tolerance. Overexpression of the ARGOS8
gene reduced ethylene sensitivity and significantly improved grain yield
under drought stress conditions in transgenic maize plants (Shi et al.,
2015). As the expression of the ARGOS8 protein is naturally very low in
6

S. Saeed et al.

Plant Science 324 (2022) 111435

expression and can turn off, reduce, or induce gene expression (Meng
et al., 2021). As the CRE variation of the promoter can determine the
quantity of gene expression and phenotypic variation, various series of
mutations via CRE editing of the promoter sequence are advantageous
over editing the coding region. For instance, CRE mutations in tomato
CLAVATA3 showed a broad spectrum of tomato fruit sizes, and CRE
mutations in the rice Wx gene displayed different levels of amylose (Gao
et al., 2019; Zeng et al., 2020).
CRE editing can efficiently evolve CRE variants to produce specific
traits. For instance, if the CRE region responsible for suppressing
expression can be identified in the promoter region of each gene, it is
possible to develop crops with enhanced agronomic traits through CRE
editing. For instance, in Arabidopsis, abiotic stress tolerant plants are
generated by editing the core binding sites in the CREs of negative
regulatory genes (Cheng et al., 2013). Rice OsERF922 and cotton
GhWRKY17 TFs bind to the CREs, GCC box (AGCCGCC) and W box
(TTGACC), respectively, and confer susceptibility to abiotic stress (Liu
et al., 2012). It is possible to develop novel abiotic stress tolerant plants
by abolishing the binding sites of TFs through W box and GCC box
editing in the CRE region.
Importantly, it is often observed in certain genes that complete gainor loss-of-function mutations cause deleterious pleiotropic effects, and
CRE editing can be an effective strategy to cope with this problem. For
this type of gene, whole-genome re-sequencing data of a large number of
varieties in crop plants will help select target CREs of the promoter re
gion for CRE editing. Moreover, it is evident that engineering proximal
regions inevitably affects promoter activity. Therefore, to prevent un
wanted effects on the transcriptional network, careful computational
assessment is necessary before CRE editing. The effectiveness of this
strategy has been confirmed, to some extent, in recently reported GWAS
(Yang et al., 2019). To proceed more effectively with this strategy, the
quality of the genome re-sequencing data must have sufficient resolution
to accurately analyze the variations in the promoter. In addition,
phenotypic analyses of these mutations should be performed.
DNA methylation in the promoter region suppresses the expression
of the corresponding gene. Analysis of the methylation of the CG island
in the promoter through global analysis of DNA methylation is accom
panied by phenotypic analysis linked to the genetic variation of this
region. In this case, editing of the methylated CGs might be able to
release or activate the expression of the suppressed gene to regulate
target agronomic traits.
Hundreds of promoter-SNP-trait associations have been recognized
through GWAS, but, among them, only a few reportedly play a func
tional role in crop breeding research. Natural variations or induced
modifications in promoter regions can systematically assist crop
breeding. These results suggest that CRISPR/Cas-mediated CRE editing
has the potential to enhance agricultural quality, yield, and resistance to
various stressors. Although there is an inevitable time lag from basic
research to implementation, a growing number of studies have high
lighted the potential of natural variants of CREs. The use of CRISPR/Cas
with CREs has been identified as an excellent approach for fine-tuning
plant traits. Thus, the utilization of GWAS for CRE engineering should
facilitate faster and more precise molecular breeding of crops.
Here, we show a workflow for the application of CRE editing stra
tegies to obtain high-quality agronomic traits (Fig. 2). Target CREs
identified by multi-omics strategies and bioinformatics approaches are
edited via the CRISPR/Cas system. CRE-edited crops are assessed by
using transcriptomics, proteomics, metabolomics, and phenomics tools.
Finally, desired high-quality genotypes are obtained for crop improve
ment. As it will be possible to predict alterations in the promoter regions
by intensive and precise sequencing of target genes, rapid advances in
CRE editing technology are expected to create exciting new avenues
using the CRISPR/Cas system to facilitate extensive variation of related
agronomic traits through alteration of target promoter regions for in
dividual genes. In particular, various quantitative properties related to
CREs can be targeted to generate phenotypic diversity, which can lead to

significantly reduced the MGPA activity (Holme et al., 2017).
6.4. Epigenetic traits
Epigenetic modifications through DNA methylation and histone
modification facilitate the regulation of gene expression during devel
opment and stress responses and are potential targets for improving crop
plants (Vats et al., 2019). The repertories of DNA methylation and
demethylation are located in gene regulatory regions, including pro
moters that fine-tune the activation and repression of gene expression
and function (Zilberman et al., 2007). The enzymes that trigger epige
netic modifications can be mainly laid with modified CRISPR/dCas
carrying a deactivated version of Cas9 (dCas9) to generate perturbations
in the epigenetic site of specific genes (Noman et al., 2016). For instance,
a CRISPR/dCas9 methylation-targeting system was developed with the
catalytic domain of Nicotiana tabacum Domains Rearranged Methyl
transferase, which efficiently targets DNA methylation at specific loci.
The engineered system actively generated DNA methylation at the FWA
promoter region, thereby silencing the FWA promoter and developing
an early flowering phenotype in Arabidopsis (Papikian et al., 2019).
The MS2-p300 CRISPR/dCas9 system with H3K27 acetyltransferase
as the effector domain fused to a nuclear-targeted MS2 modified the
promoter region of the floral regulatory gene Flowering Locus T (FT) and
successfully enriched H3K27 acetylation in the FT promoter by
approximately 2 fold, which altered flowering (Lee et al., 2019).
Abscisic acid (ABA)-responsive element binding protein1 (AREB1) is a
key positive regulator of the drought stress response. The
AtHAT1-CRISPR/dCas9 system with Arabidopsis histone acetyltransfer
ase1 (AtHAT1) actively regulated the endogenous promoter region of
AREB1 by shifting the chromatin structure to a relaxed site and
enhancing drought tolerance due to a faster stomatal aperture closure
under water deficit in Arabidopsis (Roca Paixão et al., 2019).
Some chromatin-modifying factors also play prominent roles in the
targeting of CREs in a sequence-specific manner. For instance, the plant
H3K27 demethylase, Relative of Early Flowering 6 (REF6), has an
intrinsic DNA-binding ability on the CTCTGYTY DNA motif, either single
or multiple sequences. The CRISPR/Cas9 system was developed in
Arabidopsis by designing two guide RNAs to delete the target CRE motifs
bound by REF6, a DNA-sequence-specific histone demethylase enzyme.
This strategy eliminates the motifs in REF6 target genes, including
YUC3, and endogenous genes with disrupted and/or deleted motifs
become inaccessible to REF6 (Li et al., 2018).
To achieve successful integration of epigenetics into crop improve
ment, it is necessary to investigate the mechanism of precise alterations
in plant growth and development, as well as in response to various
stressors. A comprehensive consideration of epigenetic stability and
heritability is crucial for the progressive improvement of agronomic
traits (Hou and Wan, 2021). Furthermore, profiling the epigenetic role
at a single-base resolution using efficient predictive techniques and
epigenome editing tools utilizing engineered CRISPR/dCas9 approaches
can significantly improve crop productivity.
7. Challenges and prospects of CRE editing
Crop biotechnology based on conventional genetic transformation
technology has mainly contributed to the improvement of the agro
nomic traits of crop plants through gain-of-function and loss-of-function
studies of useful genes. Recently, using the CRISPR/Cas genome editing
system, coding regions of some repressor genes are readily mutated to
achieve desired agronomic traits toward commercialization.
Currently, promoter editing is in its early phase of development;
therefore, several technical limitations need to be addressed to optimize
this system for crop improvement. We have highlighted that utilizing
GWAS may address some key limitations and provide functional CREs
for use in genome-editing experiments. As CREs are mainly found in the
promoter region, their absence, presence, or variation regulates gene
7
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Fig. 2. Diagrammatic representation of the
workflow deciphering the application of
genome editing strategies to obtain high-quality
agronomic traits. (A) CREs are identified by
multi-omics strategies and bioinformatics ap
proaches. (B) Selection and identification of
targeted DNA sequences of CREs, as well as
recognition of PAM sites for genome editing,
which regulate gene expression at the tran
scriptional level. (C) Assessment of edited crops
using multi-omics strategies. (D) Obtaining
desired high-quality cultivars for crop
improvement. CRE, cis-regulatory element;
PAM, protospacer adjacent motif.

a revolution in the controlled generation of phenotypic diversity. Be
sides promoters, CREs for enhancers, silencers, and other modifiable
sequences can be supplemental targets for the precise application of the
genome editing system. Thus, the application of CRISPR/Cas-mediated
cis-engineering will ultimately help improve breeding outcomes by
enhancing crop yield, desired characteristics, and resilience.
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